BACKGROUND: Cortical motor neurons, also known as upper motor neurons, are large projection neurons whose axons convey signals to lower motor neurons to control the muscle movements. Degeneration of cortical motor neuron axons is implicated in several debilitating disorders including hereditary spastic paraplegia (HSP). Since the discovery of the first HSP gene, SPAST that encodes spastin, over 70 distinct genetic loci associated with HSP have been identified. How the mutations of these functionally diverse genes result in axonal degeneration and why certain axons are affected in HSP remain largely unknown. The development of induced pluripotent stem cell (iPSC) technology has provided researchers an excellent resource to generate patient-specific human neurons to model human neuropathological processes including axonal defects. METHODS: In this article, we will first review the pathology and pathways affected in the common forms of HSP subtypes by searching the PubMed database. We will then summarize the findings and insights gained from studies using iPSC-based models, and discuss challenges and future directions. RESULTS: HSPs, a heterogeneous group of genetic neurodegenerative disorders, exhibit similar pathological changes that result from retrograde axonal degeneration of cortical motor neurons. Recently, iPSCs have been generated from several common forms of HSP including SPG4, SPG3A, and SPG11 patients. Neurons derived from HSP iPSCs exhibit impaired neurite outgrowth, increased axonal swellings, and reduced axonal transport, recapitulating disease-specific axonal defects. CONCLUSIONS: These patient-derived neurons offer a unique tool to study the pathogenic mechanisms and explore the treatments for rescuing axonal defects in HSP, as well as other diseases involving axonopathy.
Introduction
Hereditary spastic paraplegias (HSPs) are a heterogeneous group of genetic disorders that result in progressive lower limb spasticity (Crosby and Proukakis, 2002; Reid, 2003; Fink, 2006; Soderblom and Blackstone, 2006; Salinas et al., 2008) . The symptoms are caused by a length-dependent degeneration of axons, most severely affecting corticospinal motor neurons (CSMNs) and those of the dorsal columns. Affected neurons display "dying back" axonopathy, particularly in the spinal cord, resulting in lost lower motor neuron innervations that produce lower limb spasticity and weakness.
Over the past decade much work has succeeded in increasing the understanding of the genetic causes of the disorder and the function of the genes involved. To date, there have been over 71 different gene loci linked, denoted SPG 1-71, of which over 54 genes have been shown to lead to HSP when mutated (Hazan et al., 1999; Blackstone et al., 2011) . These studies have provided insight into several common pathways whose disruption predominantly affects highly polarized projection neurons, revealing weaknesses in these cells due to their impressive morphology. CSMNs, the main neurons affected in HSP, can have axons that reach up to 1 m in length, with axoplasm making up over 99% of the total cells volume in some cases (Blackstone et al., 2011) . This striking polarity makes these cells sensitive to perturbations to many cellular processes, including axonal transport, cytoskeletal dynamics, endoplasmic reticulum morphogenesis, and endocytic recycling.
HSP can be classified based on its mode of inheritance, with all possible forms, dominant, recessive and X-linked reported (Harding, 1983 (Harding, ,1993 Fink, 2003) . On the base of the presence or absence of additional symptoms other than lower limb spasticity and weakness, HSP is classified as "pure" when spasticity is the only clinical observation, or "complex" when it coincides with other clinical features including peripheral neuropathy, cataracts, cognitive impairment, ataxia, and thinning of the corpus callosum (Fink, 1993; Salinas et al., 2008) . Most postmortem studies have focused on pure HSP, and the major observation has been distal axon degeneration of the longest descending motor fibers, mainly the corticospinal tract (Deluca et al., 2004) . Demyelination was observed in regions of axon degeneration, but it is generally believed that this is a secondary effect that follows axonal problems in most forms of HSP. Thinning of the thoracic spinal cord can be observed in HSP patients by MRI (Hedera et al., 2005) . While there is significant axon loss, neuron death is not easily detected in HSP patients, although there are some reports of decreased Betz cells (pyramidal neurons). Breakthroughs in basic science research into the genetic causes and pathogenic mechanisms of HSP have dramatically accelerated in the past decade (Supplemental Table 1 ). Work in this field has uncovered many cellular processes that are affected by multiple forms of HSP, which have greatly aided in understanding the importance of axonal maintenance in human disease (Fig. 1) . Recently, human induced pluripotent stem cells (iPSCs) were successfully established from HSP patients, which allows researchers to study axonal defects in these stem cell-derived neurons directly. Through the rest of this review, some highlights of the recent work and common pathways of HSP will be covered, with a focus on two common forms, SPG4 and SPG3A. Next, we will summarize the findings, implications, and future directions for studying HSP using human pluripotent stem cells (hPSCs).
Pathology and common pathways of HSP

SPG4 (Spastin)
Mutations to the SPAST (SPG4) gene were found to result in pure autosomal dominant HSP in 1999 and are by far the most common form of HSP, accounting for 40% of all dominant HSP cases (Hazan et al., 1999) . The SPAST gene encodes the ubiquitously microtubule-severing protein spastin. All types of possible mutations in SPG4 have been identified, with 28% missense, 15% nonsense, 26.5% splice-site point, 23% deletions and 7.5% insertion mutations (Fonknechten et al., 2000) . Spastin is a member of the ATPase associated with diverse cellular activities (AAA) family that also includes the microtubule-severing protein p60 katanin. Four main isoforms for spastin have been identified from the 17 exon protein, generated through combinations of alternative splicing, different promoters and different translational initiation sites (Claudiani et al., 2005; Mancuso and Rugarli, 2008) . The two major protein products are a larger, full-length protein, termed M1 spastin, which is 616 amino acids in length, and the shorter 530 amino acid M87 protein that lacks 86 amino acids on its N terminus (Fig. 2) . Two less abundant isoforms exist, which are variations of M1 and M87, that lack exon 4 and the 32 amino acids it encodes (Claudiani et al., 2005) . Currently the effects of the presence or absence of this region are not understood, since the role of these 32 amino acids are unknown. Interestingly, M87 spastin is more abundant in all cell types compared to M1, although M1 is more abundant in the brain and spinal cord compared to other Figure 1 Major pathways affected in HSP. Proteins involved in HSP have a wide range of cellular functions, however many of them cluster into several common cellular pathways. Spastin (for SPG4, the most common form of HSP) and atlastin-1 (for SPG3A, the most common early-onset form of HSP) are shown in red and discussed in detail. Modified from (Blackstone, 2012) with permission from the Annual Review of Neuroscience, Volume 35 by Annual Reviews.
locations (Claudiani et al., 2005; Solowska et al., 2008) . This observation suggests that M1 spastin may be responsible for HSP development, since the central nervous system is mainly affected. More compelling evidence for the role of M1 spastin in HSP is the observation that two other HSP causative proteins, atlastin-1 and NA14, interact with a region on the N terminus of spastin, which is only present in the full-length M1 isoform. In rats, it was found that M1 spastin was absent in developing neurons and increased in abundance upon maturation (Solowska et al., 2008) . Of particular note was the abundance of M1 spastin in the adult spinal cord that is the location of degenerating axons in HSP patients. The importance of M1 spastin was recently called into question when a report examining SPG4 iPSC-derived neurons found that overexpressing either M1 or M87 spastin could rescue neurite outgrowth defects . This data suggests that both M1 and M87 spastin are important for neurite outgrowth, but it remains unclear if both isoforms contribute equally to axonal maintenance in vivo.
A number of studies have shown that spastin is capable of severing microtubules in vitro (Errico et al., 2002) . Cell culture studies were originally utilized to determine the function of spastin. When an ATPase-defective form of spastin (K388R) was overexpressed in Cos-7 cells, researchers noticed that the mutated protein localized with microtubules, suggesting that spastin could interact with microtubules, but without the ability to hydrolyze ATP could not dissociate from them (Errico et al., 2002) . Also, when wild-type spastin was overexpressed, microtubule disassembly was increased, providing the first evidence for the microtubule-severing activity of spastin. Based on structural studies and comparison with other AAA ATPase proteins, spastin is thought to interact with microtubules through its MTD, allowing the AAA ATPase domain to interact with tubulin. ATP hydrolysis provides energy needed for a conformational change that results in the destabilization of the microtubules. It has been shown that spastin can be present in both monomeric and hexameric form, with the hexamer relying on the N terminus for assembly (Pantakani et al., 2008) . The large variety of different mutations present in the spastin gene of HSP patients ( > 250) has led to different hypotheses for the mechanism of these mutations. The majority of mutations are nonsense, deletions, or splice site mutations that are believed to reduce the amount of spastin present in a cell, causing disease through a haploinsufficiency mechanism (Lumb et al., 2012) . Recently, the observation that almost all of the missense mutations appeared in the AAA domain suggests that some of these mutations could function through a dominant negative mechanism, since the protein forms oligomers. In 2008, it was shown that at least one missense mutation, E442Q, acted in a dominant negative fashion (Pantakani et al., 2008) . Using co-localization studies, the researchers were able to show that the mutant spastin was able to interact with wild-type spastin, and perturb its localization.
Perturbed spastin could affect several pathways including endocytosis, endoplasmic reticulum (ER) morphogenesis, and axonal transport (Fig. 1) , resulting in axonal defects in SPG4 patients. The regulation of axonal transport fits with the role spastin plays in microtubule severing, as microtubule arrays are present through the entire length of axons and provide structural support as well as serving as the railways for organelle transport. Axonal transport deficits also neatly match the observation that only the longest projection neurons are affected, since they would put the largest strain on transport systems to deliver cellular contents to the most distal portions of the cell. If proper materials are not delivered to the distal regions, it could cause a dying back of the axon, which is seen in HSP. Some of the best lines of evidence linking spastin and transport come from two different HSP mouse models that possess different spastin mutations. The first generated strain had a deletion in spastin that resulted in a premature stop codon to study the effects of reduced levels of spastin (Tarrade et al., 2006) . These mutant mice displayed minor gait alterations compared to wild-type at 22 months. At as early as 4 months the mutant mice showed defects in axons located in the spinal cord, with axonal swellings evident in both ascending and descending tracts. In affected axons of the corticospinal tract, dramatic disorganization of cytoskeletal components was observed. These abnormities were restricted to axons, and the neuronal cell bodies remained unaffected. By culturing cortical neurons from these mice, the researchers found that retrograde axonal transport was impaired. This was made evident by the observation that the volume of the axon Figure 2 Spastin isoforms and domains. The N terminus of the protein contains two domains important for protein-protein interactions, the hydrophobic region (HR) and the microtubule interacting and targeting (MIT) domains. The C terminus contains a microtubule binding domain (MBD) and an AAA ATPase domain, which allows spastin to interact and sever microtubules. Modified from (Blackstone et al., 2011) by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, copyright 2011.
distal to a region of swelling was significantly larger than the proximal region of the axon. Both mitochondria and peroxisomes accumulated in the distal portion axon swellings, and not in other regions of the cell. In a second HSP mouse model from 2009 containing a splice site mutation that is expected to generate a premature stop codon, many of the similar abnormalities of the first mouse model were also shown (Kasher et al., 2009) . Gait abnormalities and axonal swellings were again present in these mice, but what made this study unique was the quantification of both anterograde and retrograde axonal transport. To do this, time-lapse microscopy was used to follow labeled mitochondria and APP as a marker for membrane bound organelles. Contrary to what was suggested in the first HSP mouse model, these researchers found anterograde, not retrograde, axonal transport to be diminished. Also, swellings appeared to be in random locations along the axon, where in the previous mouse model, the swellings were more distally localized. These inconsistencies between the two mouse models suggest that different types of mutations could function in different ways even if both result in decreased spastin levels, and it remains to be seen if this is indeed the case in human neurons.
In addition to regulating axonal transport, spastin plays an important role in membrane trafficking. As mentioned earlier, M1 spastin localizes to the early secretory pathway in cells, interacting with these membranes through the hydrophobic domain at the N terminus. The HD is predicted to form a hairpin loop capable of inserting itself into the outer leaflet of a lipid bilayer through hydrophobic wedging . Three classes of proteins that display hydrophobic wedging have been shown to also insert themselves into membranes as a mechanism for generating the extreme membrane curvature that is seen in the tubular endoplasmic reticulum, including the reticulons, REEPs and atlastins . Interestingly, members of all three classes are associated with additional forms of autosomal dominant pure HSP, suggesting a similar mechanism.
SPG3A (Atlastin-1)
SPG3A is caused by mutations to the protein atlastin-1 and accounts for approximately 10% of HSP cases, making it the second most common cause of HSP (Zhao et al., 2001 ). Atlastin-1 mutations result in early onset pure HSP that displays autosomal dominant inheritance. Because deficits are seen at such a young age in SPG3A patients, it has been suggested that this form of HSP is neurodevelopmental, while other late onset forms are neurodegenerative. Atlastin-1 is the founding member of a small group of proteins (atlastin1-3) in the superfamily of dynamin-related GTPases. It is a 558 amino acid protein that possesses a large GTPase domain at the N terminus, followed by a middle domain that serves an unknown function, and two transmembrane domains at the C terminus (Zhu et al., 2003) (Fig. 3) . Atlastin-1 localizes to the Golgi apparatus and also to particular regions of the tubular endoplasmic reticulum network (Zhu et al., 2003; Hu et al., 2009) . The localization of atlastin-1 to the ER is due to the presence of an ER localization signal at the C terminus. Early work into the function of atlastin-1 has relied on in vitro cellular models. In 2008, a group found that when a mutant or dominant negative atlastin-1 protein was overexpressed in HeLa cells, the endoplasmic reticulum was severely affected. Much less branching was present in the tubular endoplasmic reticulum, while there was an increase in the endoplasmic reticular sheets, associated with the rough ER (Zhu et al., 2003) . This observation, along with subsequent studies, has led to the prevailing model that implicates atlastin-1 in the formation of the smooth endoplasmic reticulum network that is present throughout the entirety of all cells, including axons and dendrites of neurons. The tubular ER is important for lipid and cholesterol metabolism and serves as a store for calcium inside of the cell, which is important for synaptic transmission and plasticity (Renvoisé and Blackstone, 2010) . The ER is a very dynamic organelle with two main subdivisions: the sheets where protein synthesis occurs and the vast network of tubular ER (Moss et al., 2011) . The tubular ER is present throughout the entirety of the cell and moves along microtubule tracts, allowing it to localize in even the most distal portions of a neuron's axon. Atlastin-1 controls ER network morphogenesis by driving the fusion of individual ER tubules, allowing the formation of three-way junctions. The reduction of atlastin-1 in rat cortical neurons resulted in decreased axonal length and the presence of cells that completely lacked an axon (Zhu et al., 2003) . In vivo studies of atlastin-1 function have focused on model organisms such as Drosophila and zebrafish Danio rerio. When the atlastin-1 homolog was knocked-down in zebrafish, researchers observed abnormal organization of spinal motor axons that reduced larval movement (Fassier et al., 2010) . These abnormalities were credited to alterations in bone morphogenetic protein (BMP) signaling. The observation that atlastin-1 can be partially localized to endosomes suggests that it may alter endocytosis of BMP receptors. There were no observed abnormalities in ER organization, which suggests a Figure 3 Atlasin-1 domains. Atlastin-1 consists of three main domains: the large GTPase domain, the middle linker domain, and two trans-membrane domains (TMDs). Each TMD partially inserts into ER lipid bilayers through hydrophobic wedging. At the C terminus is a KDEL ER retention (ERR) signal.
potential difference in the function of atlastin-1 between zebrafish and mammals, and further studies are needed to clarify these issues.
In addition to regulation of ER morphogenesis, atlastin-1 has been shown to regulate lipid droplet production. Lipid droplets consist of lipid ester cores that are surrounded by phospholipid monolayers and serve as the major fat storage organelles in eukaryotic cells (Walther and Farese, 2012) . The ER plays an important role in lipid droplet synthesis, as the two organelles are closely associated with one another, and lipid droplet growth requires interaction with the ER (Wilfling et al., 2013) . The role of atlastin family members in lipid droplet regulation was first identified in C. elegans, where mutations not only altered ER morphology, but also lipid droplet size (Klemm et al., 2013) . In contrast, overexpression of atlastin increased lipid droplet size. These observations were later confirmed in HeLa cells (Falk et al., 2014) . This work suggests that atlastin-mediated ER membrane fusion is required for lipid droplet expansion. In the future, it will be interesting to determine if alterations to lipid droplet size have any pathological consequences in SPG3A patients.
ER morphogen complex and common pathway of HSP
Despite the diverse functions of HSP proteins, these proteins are grouped into several common pathways including ER morphogenesis, microtubule dynamics and endocytosis. Atlastin-1 and spastin, as well as two other HSP-related proteins including the receptor expression enhancing protein 1 (REEP1) , were found to localize to the endoplasmic reticulum. REEP1 is encoded by the SPG31 gene whose mutations underlie the third most common cause of HSP. Humans and other mammals have 6 different REEP family members (REEP1-6), which are highly conserved membrane proteins. Through phylogenetic analysis, REEP1 was found to be closely related to the DP1/Yop1p proteins that are involved in shaping tubular ER. In fact, REEP1 predominantly localized with tubular ER, and similar to what was seen in atlastin-1 mutant expressing cells, mutant REEP1 expression impairs tubular ER network formation. In cultured rat cortical neurons, REEP1 colocalizes with both M1 spastin and atlastin-1 through its hydrophobic domains. The ER shaping protein reticulon-2 was identified as the causative gene in the autosomal dominant SPG12 (Montenegro et al., 2012) . Like REEP1, reticulon-2 also is a direct binding partner with M1 spastin.
This determination that four HSP proteins localize to the ER and interact with each other has led to the proposal that defects to the so-called "ER morphogen complex" are central to the pathogenesis of over 60% of HSP. The "ER morphogen complex" describes a complex formed by interacting proteins, including atlastin-1, spastin, REEP1 and reticulons, which functions to regulate the formation and localization of the endoplasmic reticulum. Atlastin-1 is needed for the formation of the tubule ER network, by regulating the fusion of tubules to form three-way junctions. REEP1 and reticulons are critical proteins involved in shaping the ER, and can generate the extreme curvature displayed in the tubular ER. Lastly, spastin is involved in linking the ER to cells' cytoskeleton through microtubule interaction. This is believed to provide structural support for the ER, and also allows transport of the ER throughout the cell. If any one of these components of the "ER morphogen complex" are mutated, the resulting abnormality in ER morphology could negatively affect axons of long motor neurons, leading to loss of synaptic connection and lower limb spasticity. The detailed mechanisms by which impaired ER morphogenesis results in axonal degeneration require further investigation. It is also important to dissect the interplay between ER morphogenesis and other cellular pathways (e.g. microtubule dynamics, bone morphogenetic protein signaling, endocytosis) to better understand the pathogenic mechanisms underlying the axonal degeneration in HSP.
Modeling HSP with human pluripotent stem cells
Pluripotent stem cells
Embryonic stem cells (ESC) are a type of pluripotent cells that have two important characteristics. First, they have the ability to proliferate indefinitely, and they can generate any cell type in an adult body from all three germ layers. In 1981, the first mouse embryonic stem cells were isolated from the inner cell mass of preimplantation blastocysts (Evans and Kaufman, 1981; Martin, 1981) . These cells could be cultured indefinitely, formed multiple cell types in vitro, and could generate teratocarcinomas when injected into mice. Mouse ESCs have proven to be an invaluable tool for studying mammalian development, and have led to the field of gene targeting (Ben-David et al., 2012) . In 1998, the first human embryonic stem cells were generated by Dr. James Thomson (Thomson et al., 1998) . This reignited interest in stem cell biology with major implications for regenerative medicine. However, ethical issues concerning the destruction of embryos led to the search for additional sources of pluripotent cells.
As more was understood about the mechanism of pluripotency in mammalian cells, Dr. Shinya Yamanaka's group sought to reprogram mouse somatic cells using defined factors (Takahashi and Yamanaka, 2006) . In a groundbreaking report, researchers chose to force somatic cells to express various combinations of 24 transcription factors that are upregulated in ESCs and found that just OCT3/4, KLF4, SOX2 and c-MYC could reprogram cells back to an ESC-like state. The generated cells are the other type of pluripotent stem cells, termed induced pluripotent stem cells (iPSCs). They were shown to display many similar properties of ESC, including self-renewal and the ability to form cells of all three germ layers. A year later, this feat was accomplished in human cells by two independent laboratories, with Yamanaka's group using the same four factors from the mouse study (Yamanaka's factors) (Takahashi et al., 2007) , and the Thomson laboratory showing similar results with OCT3/4, SOX2, LIN28 and NANOG (Thomson factors) (Yu et al., 2007) . Shortly after these reports, some potential benefits became clear to the scientific community, including the ability to generate iPSC lines from patients with genetic disorders to model diseases, and the reduced risk of immune rejection following transplantation of tissues derived from iPSCs that came from the same patient (Guha et al., 2013) .
In the past ten years since the first generation of iPSCs, enormous progress has been made to increase the efficiency in generating these cells using much safer reprogramming methods. An important focus of many groups has been to design reprogramming methodologies that are integration free, as numerous reports have shown that integrated transgenes can result in increased tumorigenicity and decreased differentiation potential (Okita et al., 2007) . Over the past several decades, a large amount of effort has been directed toward developing reproducible directed differentiation protocols that allow the generation of clinically relevant cell populations from pluripotent stem cells (Murry and Keller, 2008) . This work has provided researchers with access to large quantities of human neurons for the first time, including spinal motor neurons (Li et al., 2005) , midbrain dopaminergic neurons (Park et al., 2004; Perrier et al., 2004) , telencephalic glutamatergic neurons (Reubinoff et al., 2001; Zhang et al., 2001) , and medium spiny neurons (Ma et al., 2012) . The ability to generate defined populations of neuronal subtypes fueled the excitement over the ability to replace affected cells in various neurodegenerative diseases (Kiskinis and Eggan, 2010) . While progress toward this ambitious goal has progressed slowly, work toward another application for stem cell-derived neurons, "in vitro disease modeling," has rapidly taken off. The ability to generate patient specific neurons allows researchers to examine processes that are not easily observed in postmortem tissues. The combination of directed neuronal differentiation and iPSCs has allowed the examination of patient-derived neurons that harbor pathogenic mutations. This strategy has successfully recapitulated phenotypes from ALS (Dimos et al., 2008; Bilican et al., 2012) , spinal muscular atrophy (Ebert et al., 2009 ), Huntington's disease (Park et al., 2008; Zhang et al., 2010 ), Parkinson's disease (Park et al., 2008; Nguyen et al., 2011) , and Alzheimer's disease (Yagi et al., 2011; Kondo et al., 2013) . In the past two years, iPSC-based models have also been generated for several forms of HSP, including SPG4, SPG3A and SPG11.
hPSC models of SPG4 HSP patient-specific iPSC lines were first generated from SPG4, the most common form of HSP. By introducing the pluripotent factors into patient's fibroblast cells using either lentiviral infection or the non-integrating episomal method, our group successfully established iPSC lines from a SPG4 patient with an intron 4 splice acceptor mutation (c. 683-1, G > T) (Fig. 4A, B) . To examine the disease-relevant phenotypes, we then differentiated these stem cells into telencephalic glutamatergic neurons (cortical projection neurons), among which some are cortical motor neurons (Fig. 4C) . The SPG4 iPSC-derived neurons showed a significant increase in the formation of axonal swellings (Fig.  4D) , a common pathological hallmark observed in postmortem patients samples and animal models. Increased axonal swellings were also observed in neurons derived from a second SPG4 patient with an amber mutation in the SPAST gene (Fig. 4E, F) , suggesting that increased axonal swellings could be a reliable phenotype in hPSC-based models of SPG4. It has been shown that increased formation of axonal swellings can be associated with the accumulation of transported cargos, suggesting impaired axonal transport. To confirm the axonal transport deficits in live HSP neurons, we examined the mitochondrial fast axonal transport in the axons of SPG4 neurons (Fig. 4G) . Our data revealed a significant reduction in the percentage and frequency of motile mitochondria in SPG4 neuron axons (Fig. 4H, I ). To our knowledge, this is the first evidence of axonal transport deficits in human HSP neurons. By reprogramming fibroblast cells from two SPG4 patients (all with c.1684C > T nonsense mutation) using retroviral infection method, Dr. Winner's group also successfully established SPG4 patient-specific iPSC lines . The SPG4 iPSC-derived neurons exhibited reduced neurite complexity, increased axonal swellings and impaired axonal transport. These studies together suggest that neurons derived from SPG4 iPSCs recapitulate disease-relevant phenotypes, providing unique models to study axonal defects in HSP.
How SPAST mutations result in axonal degeneration in SPG4 patients is largely unclear. Sequencing analysis on SPG4 locus has revealed a wide spectrum of SPAST gene alterations and many SPAST mutations can result in loss of spastin function through haploinsufficiency or a dominantnegative mechanism (Hazan et al., 1999; Lindsey et al., 2000) . To examine whether patient-specific neurons have reduced spastin levels, we compared the protein expression levels between forebrain neurons derived from SPG4 iPSCs or control iPSCs. Our data showed that the iPSC-derived forebrain neurons (with the intron 4 splice acceptor mutation) have low levels of spastin protein (~50% of control neurons), suggesting reduced spastin function. To further confirm that loss of spastin function underlies the axonal defects of human SPG4 neurons, we established spastin-knockdown hESCs and differentiated these cells into telencephalic glutamatergic neurons. As in SPG4 neurons, the spastin-knockdown neurons exhibited increased axonal swellings, revealing that the axonal phenotypes in human SPG4 neurons can be caused by loss of spastin function. By introducing spastin into SPG4 neurons, Dr. Winner's group performed the rescue experi-ments. Overexpression of spastin in SPG4 neurons restored the neurite complexity and rescued the accumulation of axonal swellings, further confirming that loss of spastin function could result in axonal phenotypes . Interestingly, their study also showed that the protein expression levels of both M1 and M87 spastin isoforms were reduced in SPG4 neurons. Moreover, overexpression of either M1 or M87 isoform can rescue the phenotypes, suggesting the contribution of both isoforms to the pathogenesis of SPG4.
An important advantage for patient-specific iPSC-derived neurons is their potential utilization for future drug screenings. As a proof of principle, we examined the effects of microtubule-targeting drug vinblastine on SPG4 neurons. Our data showed that treatment of nanomolar concentration of the vinblastine can rescue the axonal defects in SPG4 neurons, suggesting that microtubules can be a potential therapeutic target for HSP in human neurons. The beneficial effect of targeting microtubule dynamics in SPG4 was confirmed in olfactory neurosphere-derived cells from SPG4 patients (Fan et al., 2014) . Here, researchers found that very low doses of four microtubule-targeting drugs, vinblastine, taxol, epothilone, and noscapine, could rescue peroxisome trafficking deficit in SPG4 cells. With the successful establishment of patient-specific iPSCs with the capacity to efficiently generate telencephalic glutamatergic neurons (the cell types that are affected in patients) these stem cells provide unique sources of patient-specific neurons to screen therapeutic agents to rescue the axonal degeneration in HSP.
iPSC models for SPG3A SPG3A, the most common early onset form of HSP, is caused by mutations in the atlastin-1 (ATL-1) gene (Zhao et al., 2001; Namekawa et al., 2006) . In collaboration with Dr. Craig Blackstone, we generated iPSC lines from fibroblast cells of a SPG3A patient with a novel p.Pro342Ser mutation using episomal transduction method (Zhu et al., 2014) . This mutation is in the linker region of atlastin GTPases, which results in both a conformational switch of atlastin and a modest reduction in GTPase activity. Human iPSCs derived from SPG3A patients and normal individuals (control) were differentiated into telencephalic glutamatergic neurons to examine how this mutation affects human neurons. Our data revealed a significant reduction of axon outgrowth and axonal transport (Fig. 4J, K) in SPG3A neurons. Moreover, microtubule-targeting drugs (e.g. vinblastine) could recue the axon outgrowth deficits in SPG3A neurons (Fig. 5) . Thus, we demonstrate the successful establishment of SPG3A iPSC models and identify common axonal defects in iPSC models of two common forms of HSP, SPG4 and SPG3A (Fig. 5) .
The onset of SPG3A is much earlier than other forms of HSP, which coincides with the axonal outgrowth and elongation defects observed in atlastin-1 knockdown rat cortical neurons. Using SPG3A patient-specific iPSCs, our data showed that SPG3A neurons exhibited reduced axonal length and branches, confirming an early axon outgrowth deficit in SPG3A neurons. Interestingly, though both SPG4 and SPG3A neurons have axonal transport deficits, fast Zhu et al., 2014) .
axonal transport at the retrograde direction is more affected in SPG4 neurons while SPG3A neurons showed a significant reduction at anterograde direction. This difference could be caused by the differences between cultures or the intrinsic differences between these two HSP proteins. Thus, by generating iPSC lines from different forms of HSP, we could dissect the differences between different forms of HSP and identify the common mechanisms underlying axonal defects in HSP.
Modeling recessive forms of HSP
Besides the more common autosomal dominant forms of HSP, there is a long list of recessive mutations that can lead to complex forms of HSP. SPG11 and SPG15 are the most common recessive forms of HSP, and are clinically almost identical (Stevanin et al., 2007; Hanein et al., 2008) . These two forms account for 25% of the autosomal recessive subtypes (Nadar et al., 2008) . Both forms present with cognitive impairment, dementia, ataxia, and thinning of the corpus callosum, in addition to lower limb spasticity. SPG11 and SPG15 encode spatacsin and spastizin respectively, both of which are direct binding partners (Murmu et al., 2011; Hirst et al., 2013) . These two proteins can also bind to the adaptor protein 5 (AP5), the subunits of which are mutated in the complex SPG48 (Hirst et al., 2013) . Another interesting aspect of SPG11, SPG15, and SPG48 is that they can present with prominent juvenile parkinsonism, which has shown improvement following dopaminergic therapy (Guidubaldi et al., 2011; Schicks et al., 2011) . It is particularly intriguing that both muscle spasticity, caused by cortical spinal motor neuron degeneration, and parkinsonism, caused by dopaminergic defects, occur following the loss of function of one gene. By reprogramming fibroblast cells of two SPG11 patients with heterozygous nonsense mutations of spatacsin, Dr. Winner's group successfully established iPSC lines for SPG11 (Pérez-Brangulí et al., 2014) . To study the role of spatacsin in human neurons, they first examined the expression level and pattern of spatacsin during neural differentiation from human iPSCs. Spatacsin protein is expressed in iPSC-derived neurons, as well as in mouse cortical neurons at multiple stages. Interestingly, spatacsin protein is enriched in axons and dendrites of neurons, and disturbed spatacsin function in SPG11 neurons results in reduced neurite length and complexity. SPG11 neurons also exhibited impaired axonal transport as indicated by a Figure 5 Summary of major phenotypes observed in SPG4 and SPG3A iPSC-derived neurons. We observed length-dependent axonal swellings in SPG4 neurons, and neurite outgrowth abnormalities in SPG3A neurons. Reduced axonal transport was observed in both SPG4 and SPG3A neurons. These phenotypes were rescued following treatment with the microtubule-targeting drug vinblastine, linking alterations to microtubule dynamics in these forms of autosomal dominant HSP. significant reduction of the synaptic vesicle trafficking in the anterograde direction. Similarly, knockdown of spatacsin in mouse cortical neurons led to impaired neurite outgrowth and reduced synaptic vesicle trafficking, revealing the important role of spatacsin in axonal maintenance and transport. Using these patient iPSC-derived neurons, Dr. Winner's group further investigated the molecular mechanisms underlying axonal defects in SPG11. They observed DNA, mRNA and protein changes related to cell cycle regulation in SPG11 neural progenitors as well as spatacsin knockout neural progenitors that produced a substantial decrease in neuronal proliferation (Mishra et al., 2016) . Among the molecular changes they observed in SPG11 neurons, one discovery of particular importance is the GSK3β/ß-Catenin pathway dysregulation in SPG11 neural precursors that results in a significant reduction of neural cells. Moreover, regulation of the GSK3 pathway can rescue the decreased proliferation of SPG11 neural precursors, implying the GSK3β/β-Catenin dysregulation in SPG11 (Mishra et al., 2016) . This rescue effect demonstrates the potential role iPSC studies in HSP models can play in discovering novel early therapeutic interventions for these diseases. Although the precise mechanisms underlying spatacsin's effects on these pathways have not yet been elucidated, these data together provide insights into the physiologic role of spatacsin during development and the pathogenic mechanisms in SPG11.
Considering that both dominant (SPG4, SPG3A) and recessive (SPG11) forms of HSP can exhibit similar axonal phenotypes, establishment of iPSC models for multiple forms of HSP would be extremely valuable to dissect the common mechanisms underlying axonal defects in HSP. Furthermore, these iPSC models would also provide unique paradigms to screen therapeutic agents to identify effective therapeutics that may rescue axonal defects in multiple form of HSP, as well as in other diseases involving axonopathy.
Challenges and future directions
HSP is a group of genetically diverse diseases characterized by the axonopathy of CSMNs. To date, only 13 out of the 71 HSP-linked loci have been studied in zebrafish or Drosophila, while 12 have been examined in mice. The stem cell technology allows researchers to examine the role of HSP genes in human neurons with in vitro stem cells models of HSP. The availability of stem cell models for every HSP subtype would greatly enhance the field's understanding of the pathways necessary for maintenance of long axons. There are some challenges and questions that need to be addressed to better study the axonal degeneration in HSP and other diseases involving axonopathy.
Establishing accurate models of various forms of HSP
One of the roadblocks to modeling all the HSP subtypes is the limited availability of HSP patient fibroblasts, making large cohorts of cell lines difficult to employ. The best way to get around this limitation would be to use newer gene targeting techniques, such as the TALEN (Hockemeyer et al., 2011; Miller et al., 2011; Niu et al., 2014) or CRISPR/Cas systems (Jinek et al., 2012; Mali et al., 2013; Wang et al., 2013a) , to introduce mutations identified in patients to every HSP gene in a control cell line, such as H9 hESCs or normal iPSCs. If all of the lines were generated from the same original control line, they would be in effect isogenic, dramatically reducing the potential variability between control and mutant lines that occurs when comparing lines from individuals with different genetic backgrounds. Stem cell based models also allow the identification of events that precede disease onset, since early born neurons are examined . Though for many neurodegenerative diseases, clinical symptoms appear at adult stage (late-onset), pathological changes in neurons at early developmental stages have been observed. For example, embryonic cortical neurons isolated from SPG4 mouse models (Tarrade et al., 2006; Kasher et al., 2009 ) exhibited characteristic axonal defects (e.g. accumulation of axonal swellings and impaired axonal transport) which have been recapitulated in our SPG4 iPSC-based disease model . Late-onset diseases (e.g. Parkinson's disease) could also be modeled through progerin-induced aging of iPSC-derived neurons (Miller et al., 2013) . The ability to model early pathological changes in late-onset diseases is particularly valuable when attempting to identify therapeutic compounds that can prevent disease progression. If a pathogenic event can be detected prior to neurodegeneration, studies can be designed to test for the inhibition of that event. Therapies that prevent disease onset and progression will be more valuable as genetic sequencing becomes cheaper and more widespread. Children who are at risk of inheriting HSP can be sequenced at an early age, allowing preventative measures to be taken.
A significant challenge in modeling human disease with patient-specific iPSCs is the difficulty of studying the circuitry of in vitro cultures. Neocortex is a very specialized structure with different layers and functional areas, each of which has unique cytoarchitecture, chemoarchitecture, input and output (Polleux et al., 2001; O'Leary and Nakagawa, 2002; Grove and Fukuchi-Shimogori, 2003) . Considering that cortical motor neuron diseases are developed under complex circuitry in vivo, it is critical to build the circuitry of in vitro cultures for successfully modeling these motor neuron diseases, including HSP. Strategies to address this challenge include building three-dimensional (3D) neural tissues models and co-culturing cortical motor neurons with their target, spinal motor neurons. The accurate model of the in vivo circuitry in hPSC-based models would significantly advance the understanding of the pathogenic mechanisms underlying the axonal defects of cortical motor neurons. It would also be informative to transplant HSP iPSC-derived neurons into animals to test whether or not the phenotypes observed in vitro are seen in vivo. The conditions that cells are exposed to in vitro are much harsher than those in vivo, potentially leading to misleading phenotypes (Halliwell, 2014) . Transplantation of cells would also allow for testing the effects of therapeutic agents in a more physiologically relevant environment. This would also allow neurons to be examined after longer periods of time in vivo than would be possible in vitro. With current culturing techniques, stem cellderived neurons do not survive in vitro indefinitely, but transplanted neurons have been shown to survive at least 2 years in vivo (Hallett et al., 2015) .
Overcoming cellular heterogeneity
One of the difficulties when working with stem cell-derived neural cultures is the heterogeneity of cells generated after differentiation. Following neural differentiation, many studies will use immunohistochemistry or transcriptional profiling to determine whether the cell-type of interest is present in the culture, and to what extent. However, studies often fail to fully characterize the other cell-types that are present in the culture, providing a potential significant source of variation, as a number of neurodegenerative diseases result from noncell autonomous mechanisms. If a culture only contains a small percentage of neurons of interest, this could make it difficult to observe subtle phenotypes, particularly if the other cells in the culture are unaffected in the disease. One way to get around this challenge is to use a purification technique, such as fluorescence-activated cell sorting (FACS), to obtain pure populations of the neuronal subtype of interest. This purification strategy, however, requires a specific marker for the particular neuronal subtype, which is not currently available for all clinically relevant cell populations, such as CSMNs. This strategy has worked well for studies examining diseases affecting spinal motor neurons (Kiskinis et al., 2014) or midbrain dopaminergic neurons (Miller et al., 2013) , as specific markers are available to purify these cells. In the case of HSP, using generic telencephalic glutamatergic neurons is appropriate for some autosomal recessive subtypes, such as SPG15 and SPG48, where widespread abnormalities are seen in neurons whose axons pass the corpus callosum. For autosomal pure HSP subtypes, such as SPG3A and SPG4, CSMNs are specifically affected. Currently, a method to specifically generate CSMNs from hPSCs is still not available. In the future, the ability to efficiently generate and/or purify CSMNs will enhance our ability to identify why these neurons are specifically susceptible to degeneration.
Examining the role of HSP proteins
To date, almost no work has been done to examine the physiologic importance of HSP proteins in human neurons. The majority of studies have looked at morphological defects of cells when levels of HSP proteins are perturbed. This lack of information needs to be resolved, as a number of HSP proteins are involved in pathways that have direct effect on synaptic transmission and electrophysiology. In addition, mitochondria play a crucial role to presynaptic function, as these regions rely on high levels of ATP to maintain ionic gradients and membrane potential, and to reload synaptic vesicles (Hollenbeck, 2005; Knott et al., 2008) . Mitochondria within presynaptic terminals also serve to sequester cytosolic Ca 2+ during neurotransmission (Ly and Verstreken, 2006) . The involvement of mitochondrial health and transport in multiple forms of HSP suggest it would be interesting to examine whether electrophysiological properties are altered in these HSP neurons.
An important question in examining the role of HSP proteins using patient iPSC-derived neurons is whether the physiologic alterations in these patient-derived neurons are directly caused by the mutations/perturbations of the HSP proteins. One strategy to address this question is to perform rescue experiments by correcting the gene mutations and then examining whether the impaired physiologic functions can be rescued in these isogenic lines. Similar mutations could also be introduced to normal hESCs for identifying the effects of these mutations on physiological functions by comparing normal and HSP neurons. Since most HSP mutations result in loss of function in these proteins, another strategy is to generate hPSC lines with the knockdown of these HSP genes. If these HSP-knockdown neurons exhibit similar phenotypes as the patient iPSC-derived neurons, it will confirm the direct link between the impaired physiologic functions and the HSP protein deficiency. Furthermore, considering that iPSCs have the capacity to generate different neuronal subtypes (Boulting et al., Perrier et al., 2004; Li et al., 2005; Singh Roy et al., 2005; Yan et al., 2005; Roy et al., 2006; Zhang, 2006; Lee et al., 2007; Zeng et al., 2010) , the HSP patient-specific iPSCs also provide a unique paradigm to examine the role of HSP proteins in different neuronal subtypes, which will provide important insights into understanding the pathogenic mechanisms underlying axonal degeneration.
Implications for other neurodegenerative disorders
One of the aspects that makes studying HSP relevant to neurodegenerative disorders as a whole is the extensive genetic characterization of the different HSP subtypes (Supplemental Table 1 ). The fact that mutations to 71 genes and counting all lead to the common phenotype of degeneration of the longest axons can provide insight into the pathways that are needed for axonal maintenance in general and in other neurodegenerative disorders. An understanding of the genes and pathways that result in HSP is also beneficial to understanding the mechanisms of other neurodegenerative disorders, as it seems likely that there are pathways affected in multiple diseases, such as axonal transport (Parkinson's, Alzheimer's, ALS, Huntington's, HSP) (De Vos et al., 2008) , ER stress (Huntington's disease (Vidal et al., 2011) , ALS (Kanekura et al., 2009) , SBMA (Montague et al., 2014) ), RNA processing (SMA (Lunn and Wang, 2008) , ALS (Ling et al., 2013) ), mitochondrial quality control (Parkinson's (Valente et al., 2004 ), Alzheimer's (Piaceri et al., 2012) , ALS (Manfredi and Xu, 2005) , HSP (Blackstone et al., 2011) ). A recent study performed exome sequencing on 55 families with autosomal recessive HSP, but lacked a genetic diagnosis (Novarino et al., 2014) . They identified 18 unknown HSP genes, and also performing pathway analysis using protein interaction databases to show that HSP genes are more highly connected within the network than expected by chance.
There was also a significant overlap between HSP genes and those implicated in Alzheimer's disease, ALS, and Parkinson's disease. Interestingly, we have observed the axonal transporter defects in spinal muscular atrophy (SMA) iPSC-derived motor neurons (Xu et al., 2016) . Spinal muscular atrophy (SMA), the leading genetic cause of death in infants and toddlers, is caused by homologous deletion or mutations of the survival of motor neuron 1 (SMN1) gene (Lefebvre et al., 1995) . Spinal motor neurons are specifically degenerated in SMA, yet the underlying mechanisms are not known. Using human pluripotent stem cell-based SMA cell models, we observed early mitochondrial defects in spinal motor neurons (Wang et al., 2013b; Xu et al., 2016) , which is implicated in the specific degeneration of spinal motor neurons in SMA. Interestingly, mitochondrial dysfunction has also been as a major pathological process in many other neurodegenerative diseases, such as ALS, Parkinson's disease, and Huntington's disease (Chen and Chan, 2009; Magrané et al., 2014) . Together, these findings suggest that common pathways are disrupted in different neurodegenerative disorders, yet different cell types are affected in each. This question of why particular neuronal subtypes are affected in different neurodegenerative diseases has interested researchers for decades. Perhaps in the future, instead of studying each disease separately, combining analysis through bioinformatic approaches of multiple disorders at once may yield new insights.
Developing therapeutics for rescuing axonal degeneration
Axonal degeneration underlies many debilitating disorders, yet there are no effective drugs to prevent, stop, or reverse the axonal degeneration. This is due, at least partially, to the lack of human neuronal systems to screen for therapeutic drugs. It has been shown that human cells may have very different responses to drugs compared to other species, and only about 8% of candidate drugs have been shown to be clinically effective during clinical trials (Kola and Landis, 2004) . A recent study utilized both mouse spinal motor neurons and human stem cell-derived spinal motor neurons to screen for small molecules that could improve the motor neuron survival . This study showed that mouse and human motor neurons responded differentially to certain drugs, indicating the importance of human neurons for testing therapeutic agents. Using iPSC-models of HSP, my group was able to show that low doses of the microtubule-targeting drug vinblastine rescues the axonal swelling phenotype in SPG4 cells and the neurite outgrowth phenotype in SPG3A.
While the studies presented here took advantage of stem cell-derived neurons to test for therapeutic compounds, it was on a very small scale. In the future, these systems can be used to screen many more compounds to identify those with the greatest effect and lowest toxicity. To accomplish this, high content screening systems can be employed, such as the PerkinElmer Opera automated confocal microscope. For the impaired axonal outgrowth in HSP, the measurement of neurite outgrowth parameters can be automatically quantified using existing software . The automated identification of axonal swellings is a little more difficult because no software is currently available to do so. Future development of methods to quantify axonal swellings would allow large-scale screening of chemical libraries for compounds that can reduce the number of swellings, while not affecting neuron survival or neurite outgrowth. It would also be valuable to develop reporters (e.g. reporters of factors that are specifically enriched in axonal swellings) will serve as for accurately measuring axonal defects in a high-throughput setting. The successful establishment of these methods and reporters would enable high-throughput/high-content drug screenings to identify potential therapeutic agents for HSP.
Future perspectives
HSP comprises a genetically and clinically diverse group of inherited disorders characterized by the dying back axonopathy of cortical motor neurons. How mutations of diverged HSP genes result in axonal degeneration of cortical motor neurons remains largely unclear. Establishing patient-specific hPSC-based HSP models allows the investigation of this important question in patient-derived neurons directly. Future challenges for modeling HSP include the availability of patients' fibroblast cells, generation of accurate controls (e.g. isogenic controls), cellular heterogeneity of differentiated cells, and recapitulation of circuitry defects in cultures. Successful establishment of accurate models of various forms of HSP in the future will enable the identification of common pathogenic mechanisms that underlie axonal degeneration in multiple forms of HSP. Furthermore, these patient-specific neurons provide a unique source for screening compound library to identify therapeutic agents for rescuing axonal defects in HSP, as well as other devastating diseases involving axonopathy.
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